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ABSTRACT 

 
A combined computational and experimental study of inlet mode transition needed for 

Turbine-Based Combined-Cycle (TBCC) propulsion has been conducted. The Inlet Mode 
Transition Experiment (IMX) model used in this study is based on a careful design of an inlet 
system that supplies both a turbine engine and a ram/scramjet flowpath in an 'over/under' 
configuration.  Traditional aerodynamic design techniques were used to develop an TBCC inlet 
design that balances aerodynamic and mechanical constraints to provide a practical approach to 
inlet mode transition.  The current IMX inlet was designed for Mach 7 scramjet operation with an 
over/under turbine that becomes cocooned beyond its design point at Mach 4.  Conceptually, this 
propulsion system was designed for the needs of the first stage of a two-stage to orbit vehicle. 
The IMX dual or split-flow inlet matches engine requirements while maintaining both high 
performance and stability.  To verify the design, the small-scale screening experiment was 
conducted in the NASA GRC 1ôx1ô Supersonic Wind Tunnel to characterize the performance and 
operability of this TBCC inlet.  In addition, a series of increasing fidelity CFD-based tools were 
used to analyze the inlet configuration.  Both the experiment and CFD analyses indicated that 
high performance (near MIL-E-5008B recovery) and smooth mode transitions are achievable for 
this design.  The efforts have validated the IMX design and contributed to a large-scale 
inlet/propulsion test being planned.  This large-scale effort will provide the basis for a óCombined 
Cycle Engine Testbedô, which will be able to address integrated propulsion system and controls 
technology objectives. 
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NOMENCLATURE 
 

Acronyms 
  AIP  -  Aerodynamic Interface Plane 
  AOA  -  Angle Of Attack 

  CCET  -  Combined Cycle Engine Testbed 
  CFD  -  Computational Fluid Dynamics 
  DMRJ  -  Dual Mode RamJet 

  DMR/SJ  -  Dual Mode Ramjet / ScramJet 
  ESP  -  Electronically Scanned  
   Pressures  

  GRC  -  Glenn Research Center 
  FALCON -  Force Application and Launch from  

CONtinental United States 

  HiSTED  -  High-Speed Turbine Engine  
Demonstrator 

  HS  -  High-speed, (refers to  

scramjet inlet) 
  IMX  -  Inlet Mode transition eXperiment 
  LIMX  -  Large-scale Inlet Mode transition 

   eXperiment 
   
        

       LS  -  Low-speed, (refers to turbine  
   engine inlet) 

       LVDT -  Linear Variable Displacement  
Transducer 

       NRA  -  NASA Research Announcement 

       RANS -  Reynolds-Averaged Navier-Stokes  
(equations) 

       RATTLRS -  Revolutionary Approach To  

  Turbine-based  
Long-Range Strike 

       RTA  -  Revolutionary Turbine Accelerator 

       RTV  -  Room Temperature Vulcanizing 
       VAATE -  Versatile Advanced Affordable  

Turbine Engine 

       TBCC -  Turbine-Based Combined-Cycle 
       vgs  -  Vortex Generators 
       VGC  -  Variable Geometry Cowl 

       VGR  -  Variable Geometry Ramp 
       1D, 2D, 3D -  One, two and three dimensional,  

respectively 

 

Symbols 
    C1, C2  - cowl bleed regions 1 and 2 
    D2  - distortion index, (max-min)/average engine face pressure 
    H  - height of high-speed cowl 

    m  - mass flow, (pound-mass/second) 
    M  - Mach number 
    p  - static pressure  

    P  - pressure 

    Q  - dynamic pressure = g/2PsM
2
, (psf ï pounds per square foot) 

    R1-R4  - ramp bleed regions 1 to 4 
    SW1-SW3 - side wall bleed regions 1 to 3 

    T  - temperature 
    x  - axial length 

    g  - gamma, ratio of specific heats  

  

Subscripts 
       hs  - high speed inlet 

       ls  - low speed inlet 

       inf  - freestream conditions 

       o  - freestream conditions 

       t  - total (stagnation) flow conditions 

       2  - engine face conditions 

 
 

INTRODUCTION 
 

High-speed inlet research has effectively split into separate disciplines over the past thirty years.  
The split occurred to address the airflow requirements of two very different engine systems:  the turbojet 
and the ram/scramjet.  However, the relevant flow physics are largely similar between inlets designed for 
turbine and ram/scram engines.  Nomenclature and design approaches have developed divergent paths, 
as is typical as disciplines mature.  The differences have become evident in a project to develop a 
realistic turbine-based combined cycle (TBCC) engine.  This propulsion system uses a turbine engine to 
boost an accelerating vehicle from takeoff to Mach 4 conditions.  Then a dual-mode ram/scramjet 
(DMR/SJ) further accelerates the vehicle from the transition Mach number to the maximum Mach 
number, typically around Mach 7.  The procedure to switch between the two engines is termed mode 
transition which occurs at a transition Mach number.  The term ñinlet mode transitionò refers to the 
closing of the inlet flowpath to the turbine while establishing the design flowpath to the ram/scramjet.  
The focus of this study is inlet mode transition. 
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To further introduce the subject of inlet mode transition, it is useful to examine the aerodynamic 
similarities and differences between inlets designed for either of the two engines.  Once an aircraft 
accelerates past sonic speed, compressibility is no longer just a correction to aerodynamics; it becomes 
the dominating flow feature.  Compressibility is particularly dominant in inlet design because, at 
supersonic speeds, the inlet is no longer a simple aperture to be sized properly for the engine flow 
demand.  A typical supersonic inlet system must have carefully designed aerodynamic contours and 
bleed/bypass zones to control shock wave/boundary layer interactions and engine flow demand 
changes.  A TBCC supersonic inlet design must include additional features to split and match the flow 
for each engineôs proper entrance Mach number.   The most dominant design feature is variable 
geometry not only to split the flow, but also to create aerodynamics conducive to high performance.  The 
design of an inlet system capable of TBCC mode transition and high performance presents a difficult 
challenge that involves integration of past experience, careful application of aerodynamic principles, and 
high-quality experimental and CFD procedures. 

 
Because the IMX efforts are still underway, detailed reporting of test results and comparisons 

between test data and the CFD analyses are not discussed in this paper.  Instead, the focus will be on 
the IMX design, pre-test CFD analyses with a high-level overview of the screening experimental results. 

 
This paper discusses the current TBCC inlet research effort in terms of five topics:  background & 

objectives, inlet design approach, small-scale screening experiment, CFD support analyses and 
overview of screening results.  The effort is collectively called Inlet Mode Transition (IMX) research.  
Background on supersonic, hypersonic and initial mode transition inlet research coupled with the specific 
objectives of the current effort has led to the IMX design approach.  An overview of this approach is then 
described to introduce the salient features of the IMX design.  To validate the design, both a small-scale 
screening experiment and a set of CFD analyses were conducted.  The data from the screening 
experiment characterized the performance and operability of this TBCC inlet.  This small-scale inlet 
experiment was conducted in the GRC 1ôx1ô Supersonic Wind Tunnel (SWT).  A series of increasing 
fidelity CFD-based tools was used throughout the effort to provide confidence in the design and provide 
guidance for test planning and data analysis.  Next, the paper outlines the results of the screening 
experiment that address the objective of operating through a smooth mode transition sequence while 
maintaining expected low-speed inlet performance and stability. These results provide confidence in the 
IMX dual-flow inlet design process.  As a consequence, the design was selected to be scaled up for a 
large-scale inlet/propulsion test that is planned to be conducted in the GRC 10ôx10ô SWT.  This large-
scale research effort is the basis for a Combined Cycle Engine Testbed (CCET) which will be capable of 
addressing a wide range of issues critical for mode transitioning propulsion system and controls 
technology. 
 

BACKGROUND & OBJECTIVES 
 

Over the past three decades, limited progress has been made towards research and development of 
split flow inlets for multiple flowpaths typical of combined cycle propulsion.  One of the earlier efforts that 
progressed beyond paper studies was an inlet for a Mach 5 reconnaissance aircraft

1,2
.  That aircraft 

differs significantly from current efforts, but the inlet concepts are remarkably similar.  For the Mach 5 
inlet, performance was identified as one of the greatest uncertainties and motivated a ground test 
program

3
 that was concluded in the early 1990ôs.  The focus of this design and testing effort was to 

understand performance and bleed system trades for this high Mach number mixed-compression inlet.  
Specifically, the test quantified performance and operability for the Mach 5 ramjet inlet of the over-under 
turbojet/ramjet propulsion system.  The Mach 5 inlet study was followed by several efforts directed 
toward dual-flow inlet design and test.  Unfortunately, these efforts did not proceed beyond preliminary 
design and CFD analysis.  Based on this knowledge, studies

4-7 
began in the late 1990ôs to develop an 

inlet for a TBCC concept.  This concept was eventually chosen for an X-43B research vehicle 
development program.  However, the X-43B program was not completed due to shifting national 
priorities.  Most recently, hypersonic research focused on TBCC concepts has continued with the 
HiSTED, Robust Scramjet, RATTLRS and FALCON projects

8-11
. 

 
What many of these efforts share is an óover-underô propulsion system architecture that is fed by a 

split-flow, variable geometry inlet. The near-term goal of the current effort is to explore how a split-flow 
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inlet can be designed and used to demonstrate that smooth inlet mode transitioning is possible between 
the two flowpaths.  Mode transition for TBCC propulsion has many elements with the inlet aspect 
characterized by flow balance, flow quality, and operability.  Another major goal of the current effort 
involves the documentation of a design database that encompasses acceptable levels of these inlet 
characteristics.  Both published

12-15
 and unpublished studies conducted for TBCC based aircraft suggest 

that high inlet performance is required or at least expected.  Typically, high performance is defined by 
the military specification for total pressure recovery, MIL-E-5008B.  While the desire is to develop an 
inlet with little to no bleed, a complex inlet system with a sophisticated bleed system is required to obtain 
these high total pressure recoveries.  The long-term goal of the current research effort is to greatly 
improve the inlet communityôs confidence to design TBCC inlets for mode transition through the use of 
validated CFD analysis and design tools.  
 

To address these objectives, the current effort has pursued a two-phase experimental approach: a 
small-scale screening experiment followed by a large-scale inlet/propulsion system test.  For the first 
phase, a small wind tunnel inlet test model was designed, built and tested in the NASA GRC 1ôx1ô SWT; 
this effort is termed the Inlet Mode transition experiment.  Due to tunnel size constraints, this small-scale 
model could not be fully instrumented nor have complete variable geometry features. Instead, the goal 
was to provide a basis to screen or indicate the merit of the design concept.  With initial encouraging 
results, the second phase of the experiment has begun.  A large-scale propulsion research test is now 
under development to provide higher fidelity measurements than the small-scale IMX experiment.  In 
addition, this large-scale Combine Cycle Engine Testbed will further developed into a true propulsion 
test rig that can be used to perform integrated systems tests with one or both engines.  Integrated 
inlet/engine systems testing will answer the mode transition questions that exist beyond the inlet 
functionality. 

 
For the small-scale IMX tests, the primary objectives were to screen an inlet design to demonstrate 

that high performance and operability were possible and compatible with the variable geometry needed 
for split flow inlet mode transition.  In addition, an important secondary objective was to validate CFD 
tools that can predict the performance and operability for each inlet, individually, and as a split-flow 
system.  Due to the constraint of cost and scale, the focus of the IMX test was placed on the low-speed 
inlet flowpath that feeds the turbine engine.  An earlier test effort

16
 had focused on the high-speed inlet 

that feeds the scramjet.  The results from this study indicated that the effect of the low-speed cowl would 
not impose difficult operability problems on the high-speed inlet.  The IMX effort was conceived to 
address the issues associated with the low-speed inlet.   

 
As a screening test, the IMX test had limited data recorded to indicate low-speed inlet performance, 

unstart stability and distortion.  Performance maps were screened both at design and off-design Mach 
numbers.  Mode transition scenarios were simulated by connecting a path through the steady-state 
maps.  Only supercritical operability of the high-speed inlet was assessed.  The results of the IMX 
screening test, together with the earlier test of the high-speed inlet, have bolstered confidence in the 
design approach.  Further, the IMX test results have enabled the identification of mode transition 
procedures that will be investigated in the large-scale integrated propulsion system test. 
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INLET DESIGN APPROACH 
 
VEHICLE / ENGINE INTEGRATION 
 

The IMX inlet design effort began with a set of constraints to develop a representative propulsion 
flowpath.  The key feature of the design was the split-flow requirement.  The high-speed inlet was 
designed for a dual mode ram/scramjet (DMR/SJ) at Mach 7 cruise, and the low-speed inlet was sized 
for a Mach 4 turbine engine.  The turbine engine becomes cocooned beyond its Mach 4 peak operating 
point.  Conceptually, this propulsion system was selected to meet the needs of the first stage of a two-
stage-to-orbit vehicle. The low-speed inlet design was integrated into the aerodynamic lines of the Mach 
7 high-speed inlet.  A forebody compression vehicle with nominally two-dimensional flow would feed the 
dual inlet ducts.  A sketch that illustrates a hypersonic aircraft with a dual-flow, over/under, propulsion 
system (configured for start of transition at Mach 4) is presented in figure 1.  Details of the aerodynamic 
design of the dual-flow hypersonic inlet for mode transitioning research are given in reference 17.  
Traditional design techniques were used in an innovative approach to balance the aerodynamic and 
mechanical constraints to create a new TBCC inlet concept.  The report

17
 provides a complete 

description of the design approach, integration of the low-speed inlet into the high-speed inlet, estimated 
inlet performance, inlet contours, and proposed variable geometry.   

 
LOW-SPEED INLET DESIGN 

 
Hypersonic TBCC propulsion system features present some unusual design challenges for low-

speed inlet.  A bulleted list of the most critical of these design challenges is given in figure 2.   

 
The high-speed flowpath is longer than the low-speed flowpath due to the lower compression shock 

angles.  As a consequence, the low-speed inlet design can be integrated into the existing high-speed 
inlet aerodynamic contours.  The aerodynamic lines of the high-speed inlet impose significant constraints 
on the design of the low-speed inlet.  When integration of the low-speed inlet into the compression field 

Figure 1:  Dual flow / split inlet integrated onto a hypersonic vehicle.  

Centerline cross-section. 

Low-speed inlet Design Challenges

ÅThe high-speed aerodynamic lines become a constraint on the design of thelow-speed inlet.

ÅTwo propulsion systems operating over different Mach number ranges with very different airflow 

requirements dominate the inlet system design.

ÅThe low-speed inlet must include variable geometry as a means of matching  airflow variations of the 

turbine engine (variable cowl and probable variable ramp).

ÅAcceptable inlet performance and operability must be provided.

ÅOne characteristic that represents an extreme challenge to the low-speed design is ingestion of the forebody 

boundary layer.

Figure 2:  Elements of low-speed (or turbine engine) inlet 
design, an approach to high performance. 
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of the high-speed inlet is considered, the amount of compression external to the cowl lip is limited to a 
less than desirable amount for the low-speed inlet.  

 
Within this constraint, the low-speed IMX inlet was designed to provide high performance from 

takeoff to Mach 4 flight conditions.  At Mach 4, the low-speed inlet must be able to allow operation of the 
high-speed propulsion system which operates through Mach 4 to Mach 7.    Integration of a low-speed 
inlet into the flow field of a high-speed inlet with multiple flow streams, large boundary layers, extensive 
variable geometry, and engine mode transitioning presented multiple challenges.  The design includes 
consideration of all of the normal subsystems required by traditional supersonic mixed-compression 
inlets. These systems include a subsonic diffuser, multiple bleed regions, overboard-bypass, controls, 
stability system(s), and vortex generators.  Both low-speed and high-speed inlets have variable 
geometry (rotating) cowl lip sections, and the low-speed inlet has a variable geometry ramp.    Proposed 
inlet variable geometry schedules during mode transition and for off-design operation are also included 
in the reference design report

17
.  The IMX inlet design is an aerodynamic concept that offers high 

performance and operability and is compatible with a realistic and practical variable geometry system. 
 
For the low-speed inlet, flow rates reported in this paper are referenced to the freestream capture of 

the low-speed cowl.  This reference capture is based on the low-speed inlet cowl height, Hls = 
0.57192*Hhs.  When engine and bleed flow rates are quoted, they are normalized by this capture height.  
Specifically, the bleed flow rates, mb/mo = mb/mo|hs * 0.57192 and engine flow rate is m2/mo = m2/mo|hs * 
0.57192. 
 

 
The design for the low-speed inlet was developed to achieve high performance, which is typified by 

Mil-Spec E-5008B inlet total pressure recovery.  Figure 3 shows the targeted IMX low-speed flowpath 
inlet recovery.  Past experience with mixed-compression inlet designs has indicated that achieving mil-
spec recovery requires highly complex inlet designs incorporating variable geometry and compartmented 
bleed regions.  For reference purposes, recovery ranges typical of various levels of inlet design 
complexity are spotted on the curve.  Simple variable geometry with bleed is typified by ramp/throat duct 
area control with throat bleed.  Fixed geometry with no bleed further simplifies the design with significant 
increases in inlet losses resulting from the high throat Mach numbers and high loss shock-isolator feature.  
Evident from this curve is the high dependence of the low-speed inlet recovery on the design approach.  
The range of recoveries from 0.15 to over 0.6, (a magnitude of 4 times), is noted as a órealm of 

Figure 3:  Range of typical inlet recoveries.  Hypersonic Inlet performance is highly 
dependant on design.  Recovery can vary by a factor of 4 times.   

 

Simple var. geom/bleed

Fixed, no bleed

Realm of uncertainty

IMX Mach 4

Transition Goal

IMX Low -speed

FlowpathDesign

Figure 3:  Range of typical inlet recoveries Hypersonic Inlet performance is highly 

dependant on design.  Recovery can vary by a factor of 4 times.

Figure 3:  Range of typical inlet recoveries.  Hypersonic inlet performance is 

highly dependent on design.  Recovery can vary by a factor of 4 times. 
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uncertaintyô in figure 3 for vehicle system studies.  Until inlet design complexity is defined, inlet 
performance is uncertain.  An inlet with a recovery at the lower end of the realm of uncertainty would 
nominally require four times the turbine frontal area to achieve the same level of thrust or acceleration as 
one operating at the upper bound

13
.  Consequently, the turbine engines would be twice the size (length-

scaled) and there would be an increase in vehicle dry weight and loss of fuel volume for typical 
aircraft/missions.  For this effort, a high-recovery, low-speed inlet design with significant complexity was 
selected to understand the upper bounds of TBCC low-speed inlet performance. 

 
DESIGN FOR INLET MODE TRANSITION 

 
The key element of the inlet aerodynamic design is to provide high quality flow to both the turbine 

and scramjet engines.  Figure 4 shows an axial cross-section with most of the major aerodynamic 
features of the IMX.  In a typical installation, vehicle forebody compression is used to add to the overall 
inlet compression.  The turbine flowpath is shown above the scramjet for this over/under propulsion 
system in this figure.   

 
 The inlet was designed for mode transition at Mach 4.  The detailed inset shows the variable cowl 

geometries as the splitter or low-speed cowl is closed, reducing flow to the turbine engine and increasing 
flow to the scramjet.  Shock wave structures are also shown.  Beyond a traditional design approach to 
the mixed-compression low-speed inlet, an additional constraint had to be considered for TBCC mode 
transition.  This constraint is the ability to close the inlet so that the ramp and cowl surfaces did not 
interfere mechanically through the entire range of motion. In a mixed-compression inlet a terminal 
normal shock is positioned at or just downstream of the throat to deliver subsonic flow to either the 
turbine or the dual-mode ramjet.  For the ram/scram flowpath, the terminal shock becomes a óshock 
trainô that is composed of wall separations, lambda oblique shock waves and centerline normal shocks.   

 
In the low-speed inlet, the length of internal compression (from cowl lip to throat) is significantly 

longer than in traditional supersonic inlet designs. This additional length is due to two reasons:  the 
integration of the low-speed inlet into the high-speed inlet design and, secondly, the use of a forebody 
compression vehicle.  The added internal length coupled with the ingested forebody boundary layer 
would typically contribute to lower than optimal recovery.  To compensate, additional bleed flow 
capability was integrated into the inlet model.  The added bleed could then be varied to understand the 
relationship between bleed and recovery. 

 
 

Figure 4:  Mode transition sequences:  Mach 4 shock phenomena that can 
occur during transition from dual inlet operation to the single 

high-speed inlet operation.   
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During mode transition, uncertainty exists as to how the shock wave and flow field can be managed 
to provide steady flow to the two engines, turbine and DMS/RJ.  Mixed-compression inlets can 
experience óunstartô, which is a dynamic flow condition in which the internal shock waves are violently 
expelled from the inlet.  Following an unstart event, the shock pattern can enter a periodic oscillation 
known as inlet óbuzzô.  This unsteadiness further complicates mechanical design with uncertain dynamic 
loading and cyclic fatigue concerns.  Both unstart and buzz most likely will cause the turbine to stall and 
also may cause flame-out of either engine.  Therefore, inlet unstart and/or buzz, similar to turbine engine 
stall, are conditions to be avoided.  However, peak engine performance (due to high inlet recovery) also 
occurs right before inlet unstart.  The balance between the two objectives, stability from unstart and high 
total pressure recovery, is a major objective of any supersonic inlet design.   
 

Figure 5 illustrates the inlet geometry configurations at multiple flight conditions.  Initially shown is 
the high-speed inlet design contour at Mach 7.  From this contour, the low-speed inlet was developed 
using both variable cowl and ramp features.  This sequence shows how the geometry of the inlet varies 
as the flight Mach numbers increase from take-off (M=0) through mode transition (M=3-4).  

 

At low Mach numbers (up to Mach 2) the ramp is collapsed to provide the largest throat area and 
pass the most flow.  An open throat is particularly critical at transonic flight conditions, where thrust 
pinching can occur.  At Mach 2 to 3, the inlet is started, which means that an internal shock pattern is 
established.  As this happens, more bleed regions become active and the throat area can be reduced to 
improve inlet recovery.  From Mach 3 to 4, the cowl remains near a fixed design point while the ramp 
geometry continues to change.  The variable ramp thereby provides the proper throat area reduction for 
increased Mach number.  At mode transition, the low-speed cowl begins to close.  The high-speed cowl 
is also varied to provide maximum flow with proper ramjet/scramjet stability.   
 

Various engine scenarios are possible, but the anticipated baseline concept is one in which the 
DMR/SJ is ignited at Mach 4 with the turbine at full thrust.  Mach 4 transition was chosen to be 
compatible with research activities that are focused on high Mach turbine engine technologies 
(RTA/HiSTED

6,8
).  As the turbine flow is reduced by one half, constant corrected flow is maintained.  

After this point, the engine will spool down as a function of rotational inertia as the turbine fuel is 
chopped.  The ramjet/scramjet should be providing sufficient thrust for positive vehicle acceleration at 
this point.  Due to uncertainties about the proper transition Mach number, the inlet design 
accommodates the investigation of a range of transition speeds from Mach 3 to 4.  However, since this 

Figure 5:  Mode transition concepts:  Design point configuration, variable geometry 

as a function of Mach number including transition sequences.   
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low-speed inlet is designed for Mach 4, low-speed inlet performance is increasingly compromised as the 
transition Mach number is reduced.  However, inlet performance at Mach 3 is still sufficient to perform 
valid mode transition research.   

 
SMALL-SCALE SCREENING EXPERIMENT 

 
MODEL HARDWARE 
 

The first phase of the experimental approach was to implement the IMX aerodynamic design into a 
small-scale model for testing in the 1ôx1ô SWT

18
.  The small-scale concept-screening model incorporated 

the variable cowl geometry features.  For simplicity, a remotely variable ramp feature was not included.  
However, parametric hardware provided the capability of testing the inlet with alternative ramp 
geometries.  Photographs of the model installed in the 1ôx1ô SWT are shown in figure 6.   In the Mach 4 
configuration, the two inlet apertures can be seen as dark rectangles, figure 6(a).  In the photograph for 
the Mach 7 geometry, figure 6(b), the low-speed inlet is closed.  The vehicle forebody ramp is simplified 
by using a straight wedge with triangular flow fences to ensure two-dimensional flow while minimizing 
tunnel blockage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 7 and 8 show the 1ôx1ô SWT small-scale IMX model as a schematic and photographs taken 
during shop assembly.  The mechanical part breaks can be seen in the schematic in figure 7.  Also 
shown are various compartments for bleed needed to manage the shock wave / boundary layer 
interactions.  The variable cowl features are also evident in the figures.  More subtly, the ramp geometry 
variation can be seen.  As mentioned, the small-scale IMX model did not incorporate a remotely variable 
ramp design.  Instead, the model could be assembled in any one of three configurations.  In the 
schematic of figure 7, the Mach 4 geometry is shown with a red cross-hatched second ramp surface.  A 
Mach 3 ramp was also tested, and is suggested by the light blue cross-hatched second ramp surface 
(configuration VGR, Variable Geometry Ramp).  The mechanical design for these two configurations 
allowed for reuse of many of the downstream ramp parts.  The cyan colored part shows the Mach 4 
subsonic diffuser ramp geometry, while the Mach 3 geometry is not shown.  A third geometry was also 
tested as a second alternative for Mach 3 operation.  This geometry is not shown but is composed of the 
Mach 4 ramp surfaces coupled with a reduced thickness splitter/low-speed cowl geometry.  This 
alternate Variable Geometry Cowl, VGC, increases the throat area with a collapsing cowl feature that 
may eliminate the need for a variable geometry ramp.   
 

 
Figure 6:  Photographs showing IMX model installed in the 1ô x 1ô supersonic wind tunnel.  Low-speed cowl 

position: a) Mach 4 configuration for mode transition and b) Mach 7 configuration, high-speed 

inlet design. 
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The model was of a bolted construction that used o-ring seals on the moving cowl parts and silicone-
based red RTV sealant on static surfaces.  The characteristic height of the inlet at this scale was Hhs = 
4.943 inches (inviscid design) and the overall length was about 4 feet long.  The characteristic height is 
used in the reference area for flow capture calculations.  The actual cowl lip height for the small-scale 
IMX model was adjusted to 5.0008 inches to compensate for boundary layer growth.  These heights are 
measured vertically from the ramp leading edge to the high-speed cowl lip when configured for Mach 7 
operation.  Cowl lip adjustments are detailed in reference 17.  The width of the small-scale IMX model 
was set to match the simulated engine diameter, 1.821 inches at this scale. 
 

Attached to the back end of the low-speed inlet was a short length of cylindrical pipe followed by a 
16.5 degree conical plug.  The plug translated axially into the pipe to both control and measure the 
mass-flow.  The plug annular area was correlated to corrected mass-flow that mimics steady-state 
turbine engine performance.   
 

The photograph in figure 7 shows the physical geometry of the IMX inlet with the sidewall removed.  
(Note that wooden block wedges are inserted into the two inlets to prop the rotating cowl lips open).  
Instrumentation included 144 steady-state and 5 dynamic pressures.  A set of 4 rakes were located at 
the end of the low-speed inlet to measure total pressure recovery and and also to indicate distortion.  
These rakes had a total of nine tubes arrayed in two rings and a center-point tube, equally area-
weighted.  Thirty-six (36) static pressures along the low-speed inlet ramp surface gave a primary 
indication of the normal shock location.  The two rotating cowls and the low-speed flowpath metering 
plug positions were measured with LVDTs (linear variable displacement transducers). The steady-state 
measurements were recorded and reduced into engineering units using ESP modules for the pressures 
and a Neff® system for analog position measurements.  The steady-state measurements were further 
processed using GRCôs internal Escort data reduction system.  The Escort system provides real-time 
display and plotting of measurements and calculations to allow intelligent data collection. 

 
The time varying signals, (dynamic pressures and positions), were recorded by a separate PC-

based system.  The sampling rate was generally 100K samples per second for 3 seconds.  The machine 
displayed real-time signals to mimic oscilloscope output.  These traces were monitored in addition to 

FA/Hypersonics ïIMX screening results TechLand
Research, Inc.FA/Hypersonics ïIMX screening results TechLand
Research, Inc.Inlet Mode Transition screening for TBCCInlet Mode Transition screening for TBCC

May 12-16, 2008 55th JANNAF Propulsion Meeting 9
JANNAF, May 12-16 2008, jds

IMX model for 1IMX model for 1�·�·x1x1�·�·SWT:SWT:

Mechanical Design, Mechanical Design, (2/15/07)(2/15/07)

IMX Instrumentation:  ~144 steadyIMX Instrumentation:  ~144 steady--state pressures, state pressures, 

5 dynamics, 3 positions5 dynamics, 3 positions
Figure 7:  IMX model mechanical design and shop assembly. 


